Abstract. We show that phase transitions in Ising systems with planar defects, i.e., disorder perfectly correlated in two dimensions are destroyed by smearing. This is caused by exponentially rare spatial regions which can develop true static long-range order even when the bulk system is still in its disordered phase. Close to the smeared transition, the order parameter is very inhomogeneous in space, with the thermodynamic (average) order parameter depending exponentially on temperature. We determine the behavior using extremal statistics, and we illustrate the results by computer simulations.
Phase transitions in random systems remain one of the important and only partially solved problems in statistical physics. Originally, it was thought that a disordered system divides itself up into regions which undergo the phase transition at different temperatures, leading to a smeared transition in which there would be no sharp singularities in thermodynamic quantities (see [1] and references therein). However, it was soon found that classical continuous phase transitions are generically sharp in the presence of weak, short-range correlated disorder. If a clean critical point fulfills the Harris criterion [2] ν ≥ 2/d, where ν is the correlation length exponent and d is the spatial dimensionality, it is perturbatively stable against weak disorder. Thus, the critical behavior of the random system is identical to that of the corresponding clean system. Even if the Harris criterion is violated, the transition will generically remain sharp, but with exponents differing from those of the clean system. The transition is therefore controlled by a new random fixed point. An important non-perturbative aspect of phase transitions in disordered systems are the Griffiths phenomena [3] . They are caused by large exponentially rare spatial regions that are devoid of any impurities and can be locally in the ordered phase even if the bulk system is in the disordered phase. The fluctuations of these regions are very slow because they require changing the order parameter in a large volume. Griffiths [3] showed that this leads to a singular free energy. However, in generic classical systems this is a weak effect, since the singularity is only an essential one.
In many systems the impurities are not point-like but linear or planar. Such extended disorder is perfectly correlated in d C = 1 or 2 dimensions but uncorrelated in the remaining dimensions. While it is generally accepted that long-range disorder correlations increase the effects of the impurities, their influence on the phase transition has been controversial. Early renormalization group work [4] seemed to indicate a smeared transition. However, an additional expansion in the number d C of correlated dimensions [5, 6] cured this problem and gave rise to critical fixed points with conventional power-law scaling. Further support for the sharp transition scenario came from Monte-Carlo simulations [7] . A particularly interesting system is the McCoy-Wu model [8] , a disordered 2D Ising model in which the disorder is perfectly correlated in one dimension. The phase transition in this model was originally thought to be smeared. However, it was later found that it is sharp but of an unconventional type displaying activated rather than power-law scaling [9, 10] . This type of transition is controlled by an infinite-randomness fixed point, i.e., the relative magnitude of the disorder diverges under coarse graining. Similar behavior has been recently found in several random quantum systems which are related to classical systems with linear defects [11, 12, 13, 14, 15, 16] . Based on these results it was believed for a long time that phase transitions generically remain sharp even in the presence of extended disorder.
In this Letter we show, however, that this belief is not generally true. Specifically, we show that planar defects destroy the sharp phase transition in systems with Ising symmetry because true static long-range order can develop on isolated rare regions. Close to the smeared transition, the order parameter is very inhomogeneous in space, with the thermodynamic (average) order parameter depending exponentially on temperature. We also show that this disorder-induced smearing generically occurs in an entire class of transitions in systems with extended disorder.
For definiteness we consider a d-dimensional φ 4 theory with random-T c type disorder completely correlated in the d C = 2 directions x 1 and x 2 but uncorrelated in the remaining
Here φ(r) is a scalar field, t is the dimensionless distance from the clean critical point and δt(r ⊥ ) introduces the quenched disorder. r ⊥ is the projection of r on the uncorrelated directions x 3 , . . . , x d . We consider two different types of disorder. For the dilution type of disorder, δt(r
where r ⊥ (i) are the random positions of impurities of spatial density c and V (r ⊥ ) > 0 is a short-ranged impurity potential. The second type of disorder is a Gaussian distribution with zero mean and a correlation function δt(r ⊥ )δt(r ⊥ ′ ) = ∆ 2 δ(r ⊥ − r ⊥ ′ ). In the presence of disorder there is a small but finite probability for finding a large spatial region (devoid of impurities or strongly coupled) which can be locally in the ordered phase, even if the bulk system is still in the disordered phase. For dilution disorder this starts to happen right below the clean transition, i.e., for t < 0 [17] while for the unbounded Gaussian disorder these rare regions exist for all t. For short-range correlated disorder these regions are of finite size. Thus, they cannot develop true static long-range order. Instead, the order parameter fluctuates slowly leading to the Griffiths singularities [3] . However, in the case of extended disorder the rare regions are extended objects, too. For the planar defects considered here, each rare region is infinite in the x 1 and x 2 directions but of finite size in the remaining directions. Each rare region is equivalent to a 2D Ising system which can undergo a real phase transition independently from the rest of the system. Thus, those rare regions which are locally in the ordered phase will not display slow fluctuations but develop a static order parameter which can be aligned by an infinitesimally small interaction or an infinitesimally small field. Consequently, the global phase transition is smeared: the order parameter develops inhomogeneously in space with different parts of the system ordering at different t. This is the central observation of this Letter. ‡ ‡ Formally, there is a thermodynamic singularity when the first rare region orders, but this point should not be viewed as the global phase transition point since the order develops only on a single island while the bulk system remains disordered.
We now use Lifshitz tail arguments [18] to derive the leading thermodynamic behavior for a small density of rare regions. In the dilution case, the probability w of finding a r ⊥ -region of linear size L R devoid of any impurities is given by w ∼ exp(−cL d ⊥ R ) (up to pre-exponential factors). Such a rare region develops longrange order slightly below the clean critical point, i.e., at some t c (L R ) < 0. Finite size scaling yields |t c (L R )| ∼ L −φ R where φ is the finite-size scaling shift exponent of the clean system. Thus, the probability for finding a rare region which becomes critical at t c is given by
For a δ-correlated Gaussian distribution similar arguments [19] give
Here B andB are constants. The total (average) order parameter m is obtained by integrating over all rare regions which are ordered at t, i.e., all rare regions having t c > t. This leads to log(m) ∼ −|t|
Note that the functional dependence on t of the order parameter on a given island is of power-law type and thus only influences the pre-exponential factors. Because each rare region orders independently the spatial order parameter distribution close to the rounded transition is very inhomogeneous. On the ordered islands, the local order parameter m(r) is of the same order of magnitude as in the clean system. Away from these islands it decays exponentially with the distance from the nearest island. The probability distribution P [log m(r)] will therefore be very broad, ranging from log m(r) = O(1) on the largest islands to log m(r) → −∞ far away from the islands (for |t| → 0− for dilution or t → ∞ for Gaussian disorder). The typical local order parameter m typ can be estimated from the typical distance of any point to the nearest ordered island. From (2) we obtain
At this distance from an ordered island, the local order parameter has decayed to
where ξ is the bulk correlation length and A is constant. A comparison with (4) gives the relation between m typ and the thermodynamic (average) order parameter m,
Thus, m typ decays exponentially with m indicating an extremely broad local order parameter distribution. Eq. (8) also holds in the Gaussian case as can be easily seen by starting the derivation from (3) rather than (2). Another peculiar aspect of the smeared transition are the finite-size effects which are different for the correlated and uncorrelated directions. If the extension L ⊥ in the uncorrelated directions is finite, the sample contains only a finite number of islands of a certain size. As long as the number of relevant islands is large, finite size-effects are governed by the central limit theorem. However, for t → ∞ (Gaussian distribution) or t → 0− (dilution) very rare regions are responsible for the order parameter. The number N of rare regions which start to order at t c behaves like
When N becomes of order one, strong sample-to-sample fluctuations arise. Using eqs. (2,3) for w(t c ) we find that strong sample to sample fluctuations start at
Thus, finite size effects are suppressed only logarithmically. In contrast, if the extension L C of the system in the correlated directions is finite, true long-range order on the rare regions is destroyed, and a finite interaction of the order of the temperature is necessary to align them. This restores a sharp phase transition at a reduced temperature t c (L C ). To estimate the relation between L C and t c (L C ) we note that the interaction between two planar rare regions of linear size L C is proportional to L 2 C and decays exponentially with their spatial distance r, E int ∼ L 2 C exp(−r/ξ 0 ), where ξ 0 is the bulk correlation length. With the typical distance given by (6) or its equivalent for Gaussian disorder we obtain a double exponential dependence between L C and the critical reduced temperature t c (L C ):
Gaussian.
To illustrate the smearing of the phase transition we now show numerical data for a 3D Ising model with planar bond defects. The interaction is short-ranged in the uncorrelated direction (perpendicular to the defect planes) but infinite-ranged in the correlated directions (parallel to the defects). This simplification retains the crucial property of static order on the rare regions but permits system sizes large enough to study exponentially rare events. The Hamiltonian reads
Here x, y, z are the integer-valued coordinates of the Ising spins. The defects are parallel to the (y, z)-plane, and L C is the system size in the y and z directions. J x is a quenched binary random variable with the distribution P (J) = (1−c) δ(J −1)+c δ(J). Because the interaction is infinite-ranged in the correlated (y and z) directions, these dimensions can be treated exactly using mean-field theory. For L C → ∞, this leads to a set of coupled mean-field equations (one for each x)
where h = 10 −9 is a small symmetry-breaking magnetic field and T is the temperature. Eqs. (14) are solved numerically in a self-consistency cycle. Fig. 1a) shows the total magnetization and the susceptibility as functions of T for size L ⊥ = 1000 and impurity concentration c = 0.2. The data are averages over 600 disorder realizations. § At a first glance these data suggest a sharp phase transition close to T = 2.96. However, a closer inspection, Fig. 1b) , shows that the singularities are rounded. If this rounding was a conventional finite-size effect the magnetization curve should become sharper with increasing L ⊥ and the susceptibility peak should diverge. This is not the case here, instead the transition remains rounded for L ⊥ → ∞.
For comparison with the analytical results, Fig. 2a) shows the logarithm of the average magnetization as a function of 1/(T c0 − T ) 1/2 where T c0 = 3 is the critical temperature of the clean system (c = 0). The data follow eq. (4) over § Thermodynamic quantities involve averaging over the whole system. Thus ensemble averages rather than typical values give the correct infinite system approximation. almost four orders of magnitude in m with a shift exponent of φ = 2 as expected for this infinite-range model. This figure also shows "typical", i.e., logarithmically averaged magnetization data for different L ⊥ . Deviations between the typical and the average values (which are essentially size-independent) reflect strong sampleto-sample fluctuations. The data show that the onset T L ⊥ of these fluctuations shifts to larger temperatures with increasing system size. A detailed analysis [20] shows that t L ⊥ = (T L ⊥ − T c0 ) follows eq. (9) in good approximation. Finally, Fig.  2b ) shows the distribution P (log m x ) of the local magnetization values for a large sample (L ⊥ = 200000). With the temperature approaching the clean T c0 = 3 the distribution become very wide, even on a logarithmic scale. A more detailed study of this distribution will be published elsewhere [20] .
To summarize, we have shown that true static order can develop on an isolated rare region in an Ising model with planar defects. As a result, different parts of the system undergo the phase transition at different temperatures, i.e., the sharp transition is smeared by the defects. Analogous smearing is expected for all phase transitions with discrete order parameter symmetry if the disorder is perfectly correlated in at least two dimensions. In systems with linear defects the transition will remain sharp if the interactions are short-ranged. However, if the interactions in the correlated direction fall of as 1/r 2 or slower, even linear defects can lead to smearing because a 1D Ising model with 1/r 2 interaction has an ordered phase [21] . This is particularly important [22] for quantum phase transitions in itinerant electronic systems which can be mapped on classical systems with 1/τ 2 interaction in imaginary time direction. Phase transitions with continuous order parameter symmetry are more stable against smearing. In systems with short-range interactions the dimensionality of the defects has to be at least three, and in systems with linear or planar defects longrange interactions are required for smearing. It is known [23] that classical XY and Heisenberg systems in dimensions d = 1, 2 develop long-range order at finite T only if the interaction falls off more slowly than 1/r 2d . Consequently, the phase transition will only be smeared if the interactions fall off more slowly than 1/r 2 (for linear defects) or more slowly than 1/r 4 (for planar defects). In conclusion, perfect disorder correlations in one or more directions dramatically increase the effects of the disorder on a phase transition with discrete order parameter symmetry. Zero-dimensional defects typically lead to a conventional critical point with power-law scaling. For linear defects the generic behavior seems to be an infiniterandomness critical point [9, 10, 13] while we have shown here that planar defects generically destroy the sharp transition by smearing. Note that this can happen even if the clean critical point is perturbatively stable according to the Harris criterion, because the formation of static order on a rare region is a non-perturbative finitelength scale effect not covered by the Harris criterion.
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